ABSTRACT: The robustness of microorganisms used in industrial fermentations is essential for the efficiency and yield of the production process. A viable tool to increase the robustness is through engineering of the cell membrane and especially by incorporating lipids from species that survive under harsh conditions. Bolalipids are tetraether lipids found in Archaea bacteria, conferring stability to these bacteria by spanning across the cytoplasmic membrane. Here we report on in silico experiments to characterize and design optimal bolalipid membranes in terms of robustness. We use coarsegrained molecular dynamics simulations to study the structure, dynamics, and stability of membranes composed of model bolalipids, consisting of two dipalmitoylphosphatidylcholine (DPPC) lipids covalently linked together at either one or both tail ends. We find that bolalipid membranes differ substantially from a normal lipid membrane, with an increase in thickness and tail order, an increase in the gel-to-liquid crystalline phase transition temperature, and a decrease in diffusivity of the lipids. By changing the flexibility of the linker between the lipid tails, we furthermore show how the membrane properties can be controlled. A stiffer linker increases the ratio between spanning and looping conformations, rendering the membrane more rigid. Our study may help in designing artificial membranes, with tunable properties, able to function under extreme conditions. As an example, we show that incorporation of bolalipids makes the membrane more tolerant toward butanol.
■ INTRODUCTION
The lipid composition of biological membranes is critical for their function as a permeability barrier. This barrier should remain intact under conditions of environmental changes, such as fluctuations in temperature or exposure to hydrophobic and toxic substances. At the same time, the membrane should provide an optimal environment to support the activity of membrane proteins, like transporters and signaling proteins. These essential properties of membranes are governed by the lipid composition, which determines a variety of physicochemical parameters, including the lateral packing, fluidity, intrinsic curvature, bilayer thickness, and membrane surface charge. Partitioning of hydrophobic substances or toxic compounds into these membranes will affect all these parameters and thereby may lead to impaired membrane function and even to cell death. To counteract such effects and cope with relatively high concentrations of hydrophobic and toxic molecules, cells have developed a surprisingly diverse but still poorly understood ability to adapt their lipid composition.
Engineering of cell membranes takes this adaptation a step further and the ambitious goal is to engineer the cells in such a way that the cells become more resistant to external hydrophobic substances. The robustness of microorganisms used in industrial fermentations, for instance, is essential for the efficiency and yield of the production process and is to a large extent determined by the molecular architecture and composition of the cell envelope. A source of inspiration in designing new membranes can be found in already existing ones that are known to remain stable and functional under extreme environmental conditions. Such membranes are found in, for example, Archaeabacteria and are considered to be the key ingredient in allowing these bacteria to survive in hostile habitats characterized by extremely hight temperature, pressure or acidity. 1−4 A special characteristic of some Archaea lipids is their occurrence as dimers, two conventional lipids with their carbon tails covalently joined together. This kind of dimeric, tetra-ether lipid is known generically as "bolalipid" or "bolaamphiphile" due to its similarity with an ancestral missile weapon named "bola" that consists of two weights attached at both ends of a rope. 5 Depending on how the lipid tails are connected, the bolalipids are either cyclic (both tails connected) or acyclic (only one tail connection), as illustrated in Figure 1 .
Membranes formed by bolalipids and by their mixture with monopolar lipids are known to have increased mechanical stability and lower permeability while retaining membrane fluidity. 6−9 This is traditionally attributed to the fact that, in the lamellar phase, the bolalipids adopt predominantly a trans configuration (the two polar heads positioned in opposite membrane−water interfaces) in detriment of the loop configuration (both head groups located in the same membrane−water interface; 4, 10, 11 see Figure 1 ). However, at this moment, there is no established method to absolutely determine the relative population of the trans and the loop configurations and no clear understanding of the relation between a preferred configuration and the structural and mechanical properties of the membrane. This is due to mainly two factors: bolalipids are very rare, natural ones are extracted with difficulty and at high price from cultured archaeal biomass (exceeding U.S. $5000 per gram), 12 and only a reduced number of synthetic bolalipids analogues are available. 13−20 An effective and low-cost manner to study these lipids is to use computer simulations. The molecular dynamics (MD) technique, in particular, is highly suited because it allows for characterization of the membrane at the submolecular level. 21 In this paper, we present results from MD simulations of model bolalipid membranes. The bolalipids are modeled as di-DPPC (dipalmitoylphosphatidylcholine) lipids connected either at one pair of chains (acyclic di-DPPC) or at both pairs (cyclic di-DPPC) by a short linker. Problematic, however, is the very slow dynamics of bolalipids, posing difficulties to a proper equilibration of the bolalipid membranes. To overcome the slow equilibration problem, we model the bolalipids at a coarsegrained (CG) level of representation using the MARTINI force field, 22, 23 which has proven very suitable for studying membrane properties in general. 21 Following a self-assembly protocol, 24 bolalipid membranes are formed spontaneously. The selfassembled membranes are further equilibrated by creating a transient pore to allow the transfer between the trans and loop conformers. Having assured that the membranes are properly equilibrated, a process requiring multimicroseconds, we analyze the structural, dynamical, and mechanical properties of the bolalipid membranes, and explore the effect of the stiffness of the linker. In connection to the potential use of bolalipids to increase the robustness of membranes in fermentation processes, we also compare the butanol tolerance of bolalipid membranes with respect to normal lipid membranes. Our study should be viewed as a first step toward the in silico design of robust membranes, with potential applications in the field of biotechnology such as fermentation, drug delivery, sensors, and specialized receptor surfaces. 25 
■ METHODS
Force Field Details. For representing our systems, we used the MARTINI coarse-grained model. 22, 23 In this model, groups of atoms (mostly four) are united into specific interaction centers that absorb all the molecular detail of the replaced atoms. By reducing the number of particles and the complexity of the interactions between them, longer simulation times can be achieved. This model is known to accurately reproduce the structural and collective properties of many lipids (including DPPC) in the lamellar state. 22,23,26−30 In the MARTINI model, each individual DPPC lipid consists of 12 coarse-grained particles: two hydrophilic (type "Q0" and "Qa") modeling the choline and the phosphate moieties; two intermediately hydrophobic (type "Na") for the glycerols; and eight hydrophobic particles (type "C1"), representing the 16 carbon-based units from the two lipid tails. Bolalipids are created by covalently linking the last tail beads of two pure DPPC lipids. Two cases are considered here: (i) only the sn-1 pair of tails is linked (acyclic di-DPPC), and (ii) both sn-1 and sn-2 tails are linked (cyclic di-DPPC). A schematic representation of the model is given in Figure S1 for the acyclic di-DPPC.
The aqueous phase is modeled by hydrophilic particles (type "P4"), each representing four real water molecules. All these coarse-grained particles interact via Lennard-Jones (LJ) potential with different well depth parameters depending on the specific pair type. The electrostatic interaction between choline (charge + e) and phosphate (charge − e) particles is modeled by a screened Coulomb potential, while the connectivity and stiffness of the molecules are modeled by a set of elastic bonds and harmonic bending potentials. Two additional harmonic bending potentials are considered for each link of the bolalipids (for the θ 1 and θ 2 angles from Figure S1 ), with the same equilibrium angle θ = 180°and bending constant K = 25 kJ mol −1 as for the angles along the carbon tails. To model linkers with more flexibility, either one or both of these bending potentials were disregarded. We will refer to these systems as having semiflexible or flexible linkers, respectively. The standard linker (with two bending potentials per linker) is considered as stiff. For explicit details of the interaction parameters, we refer the reader to the original publications 22, 23 or to our Web site, http://cgmartini.nl, from which the bolalipid parameters used here can be downloaded.
System Setup. We have performed self-assembly simulations, followed by equilibration and production runs for six types of bolalipids: acyclic and cyclic, each with flexible, semiflexible, and stiff linkers. To characterize the self-assembly process, we have performed 200 independent simulations for each bola type, starting from different initial systems of 64 lipids randomly distributed in 2000 CG water particles (corresponding to 8000 real water molecules). After the selfassembly into the lamellar phase, we have selected five systems for each of the six bolalipid types and doubled their size by copying the simulation box in one of the directions parallel to the membrane plane. These membranes thus contain 128 bolalipids (note: 256 lipid heads). To equilibrate the membrane, the lipids have to interchange between the loop and the trans conformations, a process very similar to the "flipflop" mechanism in conventional membranes, known to occur on the minutes to hour time scale. 19 The lipid lateral diffusion is also significantly reduced compared to normal lipid diffusion. 31, 32 That is why, to date, the only MD studies reported have started from preassembled starting configurations with all the bolalipids in the spanning conformation, omitting the equilibration process. 33−35 To fasten the bilayer equilibration, we use the mean field force approximation (MFFA)-boundary potential method developed by Risselada et al. 36 to create and maintain an artificial pore in the center of the self-assembled bilayers. The pore is induced and kept by a harmonic potential (force constant 150 kJ mol −1 nm −2 ) that repels all the lipid tail beads from a cylinder of 1.8 nm radius. The simulations with the pore were continued up to several microseconds until the ratio between the conformers is stabilized. Then, the pore was closed by removing the boundary potential and the simulations were continued for another 3 μs for further equilibration and system characterization. For comparison, we have also simulated preassembled acyclic and cyclic bolalipid membranes with lipids exclusively in the trans conformation, as in previous simulation setups, 33−35 as well as a conventional DPPC bilayer.
Simulation Conditions. All the systems described in this paper were simulated using the GROMACS molecular dynamics package, 37 with a time step of t = 20 fs. Standard simulation conditions as they apply to the MARTINI model were used. 22, 23 The Berendsen thermostat and barostat 38 were used to keep the temperature and pressure constant. The temperature was kept at 323 K for most of the systems, except for the equilibration and productions runs of some of the systems for which the temperature was increased to keep the bilayer in the liquid-crystalline phase. During the assembly and equilibration simulations, including the artificial pore, the pressure coupling was applied anisotropically to allow the initial cubic box to adapt to the membrane shape (with zero off diagonal coupling constants to keep the box rectangular). After equilibration, the pressure was controlled semi-isotropically (independently in the plane of the membrane and perpendicular to the membrane). The reference pressure was 1 bar in all directions.
■ RESULTS AND DISCUSSIONS
The results are presented and discussed in five subsections. The first two describe the self-assembly of the bolalipids into lamellar membranes and the subsequent equilibration of the membranes using an artificial pore. The last three sections describe the structural, dynamical, and mechanical properties of the bolalipid membranes. Six types of bolalipids are considered: cyclic and acyclic bolalipids with either stiff, semiflexible, or flexible linkers, all modeled as di-DPPC. In some cases, results are also compared to preconstructed bolalipid membranes with all lipids in a trans conformation and to a regular DPPC membrane.
Bilayer Formation through Self-Assembly. Starting with randomly distributed bolalipids in water we observed how, in the majority of the simulations, the lipids spontaneously self-aggregate into bilayers. This happens on a time scale of tens of nanoseconds, comparable to self-assembly times reported for conventional lipids. 24 A representative series of snapshots from the self-assembly process of the cyclic bolalipids with stiff linkers is shown in Figure 2 .
In the self-assembled membranes the lipids assume both trans and loop conformations. The differentiation between the two conformations has been done by measuring the distance between the two heads of each lipid in the direction perpendicular to the bilayer: a trans conformation has been assigned for values bigger than 3 nm, a loop conformation otherwise. We have binned the fraction of lipids in the trans conformation, analyzing all 64 lipids in each of the 200 independent self-assembly simulations. The resulting histograms are shown in Figure 3 for each type of bolalipid membrane.
Most of the systems have more than 50% of the lipids in the loop configuration, that is, only few self-assembled systems have a prevailing trans population. The acyclic and cyclic bolalipids with semiflexible and flexible linkers self-aggregate in a very similar manner: on average, 70% of the lipids are in the loop configuration with a spread of around 10%. The stiff linker impedes the bolalipids to bend as much as the other types of linkers resulting in a slight increase in the trans population. This effect is more visible for the cyclic bola that has two linkers per lipid, approaching a 50% trans conformation. The low occurrence of trans conformations may seem surprising, given the general belief that bolalipids prefer the trans over the loop conformation. The origin of the large amount of looping bolalipids in the self-assembled membranes may be explained by the conformational preference of a single bolalipid prior to assembly: in the aqueous phase the lipid assumes a bended conformation (folding the tails together) rather than an extended one. Only the cyclic bolalipid with stiff linkers is observed occasionally in an extended conformation during the early stages of the self-assembly process.
After this analysis, we have selected 30 self-assembled membranes (five for each type of lipid), doubled their size, and continued the MD simulation to further equilibrate the systems. However, full equilibration proved problematic, as it would require lipid flip-flopping (i.e., the exchange of the lipid polar heads between the two leaflets). During several microseconds of simulation no change in the trans population has been noticed, in line with the experimental evidence for Equilibration of the Trans/Loop Populations. To allow for the equilibration of the self-assembled bilayers, we introduced an artificial pore in the middle of the membranes. The pore provides a faster route for the lipid head-groups to move from one leaflet to the other by lowering the energy barrier for the looptrans interconversion. This equilibration method has been proven successful in lipid vesicle equilibration in previous coarse-grained simulations. 36 In Figure 4 , we show a particular, pore-mediated, flip-flop event observed for one of the cyclic bolalipids. The pore-mediated flip-flop takes place on a typical time scale of 10 s of nanoseconds.
During the equilibration of the membrane with the artificial pore, many such flip-flop events happen. Figure 5 shows the time evolution of the trans population for each of the six types of bolalipids, for a subset of the five independent simulations performed for each system. Similar convergence is observed for the remaining systems. The pore-mediated equilibration takes about 1 μs for the acyclic bolalipids, while the cyclic bolalipids require about 4−5 μs. After the flip-flopping into the trans conformation, most of the cyclic lipids adopt a gel-like state which slows down the system dynamics. To accelerate the equilibration of the cyclic bolalipids with stiff and semiflexible linkers, additional simulations were performed for these systems at an elevated temperature T = 363 K.
The equilibrium trans population evidently depends on both the bola architecture and on the linker stiffness. Upon removal of the pore boundary potential, this population increases slightly more due to the rearrangement of the lipids that were residing inside the pore. The final results for the trans population after pore closure are gathered in Table S1 . The stiff acyclic and cyclic di-DPPC bilayers converge to ≈90% of the lipids in the trans state. This outcome is consistent with a number of 2 H NMR studies on model bolalipid membranes, 17 ,39−41 pointing to an overwhelming majority (>90%) of the bolalipids in the membrane spanning configuration. For instance, di-DMPC bolalipids (very similar to the lipids simulated in our study) adopt a 9:1 trans/loop ratio in planar bilayers, 17 while ether bolalipids with 20 methylene units per unconnected tail (C 20 BAS-PC) prefer almost exclusively the trans conformation. 40 The cyclic bipolar lipids extracted from Archaebacteria are also assumed to adopt exclusively the trans conformation because the electron microscopy and X-ray techniques reveal monolayer membranes instead of conventional bilayer membranes. 4, 10, 11 By diminishing the linker stiffness the lipids are allowed to bend at lower energy cost, and therefore the trans population decreases to 40−60% (cf., Table S1 and Figure 5 ). The importance of the linker on the final distribution of conformers inside the membrane has been also revealed by experimental measurements. Investigating the flip-flop dynamics, Moss et al. 19 measured a 60% trans probability in liposomes of phospholipid dimers cross-linked by a biphenyl group. In another study on dipolar phospholipids with a photoactive linker, using nonmembrane-permeating reagents, 50% of lipids in a trans configuration have been reported. 16 Although these linking agents can not be directly compared to the type of linker investigated in our simulations, it is clear that a change of linker can tip the balance between predominantly trans and cis conformations.
After the pore closure, the membranes were further equilibrated for a period of 3 μs. The analysis of the final 2 μs of these simulations is presented in the next sections, separated into structural, dynamical, and mechanical properties of the membranes.
Structural Properties of Bolalipid Membranes. Gel Phase Stabilized for Bolalipid Membranes. A key characteristic of a membrane is the actual phase state of the lipids, which can be easily assessed through visual inspection of the systems. Representative snapshots of some of the equilibrated bolalipid membranes are shown in Figure 6 . At the temperature of the simulations, T = 323 K, all of the acyclic bolalipids membranes are in a fluid phase (Figure 6a ). The same is true for the cyclic bolalipid membranes with flexible linkers (Figure 6c) . The cyclic systems with stiff and semiflexible linker, however, adopt a gel phase (Figure 6b ) with the trans lipids neatly orientated parallel to each other in a tilted conformation. By performing additional simulations for some of the membranes over a fixed temperatures range, we have identified their gel phase transition temperature. The approximate transition temperature is obtained from the observed kink in the dependence of membrane thickness on temperature (data not shown). For the acyclic bolalipids with the stiff linker the formation of the gel phase is observed around a temperature of 290 K, which is slightly above the transition temperature of 283 K for pure DPPC bilayers in the MARTINI model. 22 This result is consistent with experimental evidence, indicating a small increase of the transition temperature of acyclic bolalipid membranes up to 20°C in comparison with their corresponding standard monolipids. 13, 14, 17 This temperature difference is reduced as the flexibility of the linker increases. In the case of cyclic bolalipids, the cross-linking of both lipid tails leads to much stronger effects on the gel−liquid phase transition temperature. Upon heating of the stiff cyclic membranes, melting is only observed at temperatures exceeding 375 K. Membranes formed by cyclic bolalipids with a semiflexible linker have a lower transition transition temperature T ≈ 355 K, while for flexible linkers a value close to 300 K has been identified.
Density Distributions Show Disappearance of Slip Plane. Simulations studies allow the detailed characterization of the internal membrane structure via calculation of the density profiles. The density profiles of the lipid tail beads across the membrane are shown in Figure 7 . Results for bolalipids with stiff linkers are shown only, and are compared to the profile for a normal DPPC bilayer. The bolalipid densities are decomposed into the contribution from the lipids in trans conformation and lipids in loop conformation. For both bolalipid types, the density increases and broadens compared to pure DPPC. The trans conformers induce a visible modification in the total density: the slip plane present in the center of the DPPC bilayer (as well as in many other conventional lipid bilayers) is reduced for the acyclic bolas and disappears completely in membranes of cyclic bolas. Note that the cyclic bolalipid membrane is in the gel phase, resulting in the almost flat density profile across the membrane.
The lipids in loop configuration, belonging to separate leaflets do not interdigitate in the middle of the membrane, remaining separated from each other like standard lipids do. However, looping conformations in each of the monolayers do show a preference to colocalize. In this way, two of them together act as a spanning lipid. No segregation between the lipids in trans and loop conformations was observed in any of the systems studied. The lipids adopting the loop configuration are also equally distributed between the upper or lower membrane leaflets.
Bolalipids Have a Condensing Effect on the Membrane.
Two important, and related, membrane properties are the bilayer thickness and area per lipid. The bilayer thickness d PP has been determined as the distance between the peaks in the density of the phosphate moiety. The area per lipid was measured as the area of the simulation box in the direction parallel to the membrane, divided by half the number of lipid head groups. A remark should be made here: because the bolalipids have two head groups, we measure the area per headgroup to have a better comparison with the DPPC bilayer. All our results are gathered in Table S1 . For reference, results for pure DPPC as well as for preassembled fully trans-di-DPPC membranes are also included. Two important trends can be observed. First, the bolalipid membranes are more condensed compared to their normal lipid analogues. The area per lipid headgroup decreases from 0.63 for normal DPPC to 0.60 for acyclic di-DPPC with stiff linkers, a 5% reduction. As a result of this condensation, the bilayer thickness increases by a similar percentage. The condensation of the cyclic bolalipid is even stronger, resulting in the actual transformation to a gel phase as discussed above. Second, the structural parameters are sensitive to the fraction of looping conformations. Comparing the selfassembled and preassembled acyclic di-DPPC membranes, with 90 and 100% trans conformers, the area per lipid decreases measurably, by almost 0.01 nm 2 . A more drastic effect is seen in the gel phase of the cyclic bolalipids, with a decrease of 0.07 nm 2 as a result of a change in the trans population from 96 to 100%. An increase in linker flexibility increases the fraction of looping conformers, and brings the area per lipid and thickness back toward the level of normal DPPC. Overall the results show that the presence of trans bolalipids lead to more condensed and thicker membranes compared to a standard DPPC bilayer. These trends are more evident in the case of cyclic di-DPPC lipids, in agreement with the simulation study of Shinoda et al. 34 for DPhPC (diphytanylphosphatidylcholine) and its analoguous cyclic and acyclic bolalipids. Order Parameters Point to Increased Order in Bolalipid Membranes. To characterize the bolalipid orientation within the membrane, we have computed the uniaxial order parameters S for all the bonds between the lipid coarse-grained particles:
θ is the angle between the membrane normal and each individual bond and the averaging ⟨⟩ is done for all the lipids and over the entire simulation time. Perfect parallel alignment is indicated by S = 1, perfect perpendicular alignment by S = −0.5, while random orientation by S = 0. For better understanding, we have also calculated the order parameters for trans and loop conformations separately, and distinguished between the sn-1 and sn-2 tails. The differentiation between the trans and loop bolalipid conformations due to their orientation within the membrane is used as a strategy to determine the trans/loop populations in bolalipid membranes by 2 H NMR spectroscopy. 17, 40, 41 The order parameters for stiff acyclic and cyclic bolalipid membranes as well as for pure DPPC, all at T = 323 K, are shown in Figure 8 . As expected, the effect of cross-linking of one or two pairs of tails is most evident in the lipid tails region. The headgroup bond order is actually unchanged compared to a normal DPPC bilayer. Overall, the order parameters for the tail region increase compared with DPPC, except for the cross-linked tails from the loop configurations which have to bend in the middle to allow positioning of their two heads in the same leaflet. This leads to a perpendicular orientation of the linker and its adjacent bonds with respect to the membrane normal and, consequently, to negative values for the order parameters. The cross-linked tails from the trans lipids have higher order parameters across the entire membrane, as an indication of their alignment parallel to the membrane normal. This effect is largest for the cyclic bolalipid, which is in the gel phase. Additionally, the data from Figure 8 display a significant difference between the two sn-1 and sn-2 tails. A small difference is known to exists also for DPPC but it seems that the cross-linking is increasing it. For the acyclic bola, the unconnected (sn-1) tails behave as the DPPC tails, both in trans and loop conformations.
Dynamical Properties of Bolalipid Membranes. Bolalipid Diffusion is Slow. As characterized by the structural membrane properties, the bolalipid membranes are more packed compared with the standard lipid membranes. This is expected to reduce their lateral mobility inside the bilayer, with important effects on biomembrane functionality. To verify this, we have investigated the lateral diffusion of the lipids in the membrane plane. The lateral diffusion constant D has been calculated as the limiting slope of the mean-square displacement curve, using the Einstein relation for two-dimensional diffusion.
All our results are listed in Table S1 . The diffusion coefficients for the acyclic di-DPPC are approximately five time smaller than for the pure DPPC at T = 323 K, irrespective of the linker stiffness. The cyclic lipids with stiff linkers, which are in the gel phase, are almost laterally immobile. In case of the preassembled cyclic membrane with all lipids in the trans state, the diffusion becomes unmeasurable low. The same is true for the cyclic bolalipids with semiflexible linkers. The selfassembled cyclic bolalipid membrane with semiflexible linker, however, is in the fluid phase at the elevated temperature of T = 363 K, due to the presence of a significant population of loop conformers. For this system, a comparable diffusion rate is found as for the acyclic bolalipids. Given the temperature difference, this means that diffusion rate in cyclic bolalipid membrane is even further reduced. The cyclic bolalipids with flexible linkers are still fluid at T = 323 K and also diffuse significantly slower than their acyclic analogues (by a factor of 2−3). This dissimilar dynamics between the acyclic and cyclic bolalipids is in good agreement with the limited experimental studies of bolaamphiphile diffusion. 32, 42 Mechanical Stability of Bolalipid Membranes. Pressure Profiles. To characterize the bolalipid membranes from a mechanical perspective, we have calculated their lateral pressure profile along the bilayer normal. The lateral pressure profile, or stress profile, results from the inhomogeneous nature of the interactions within a membrane. As water, head groups, and acyl chains contribute through different forces, one finds the emergence of a nonuniform pressure distribution inside the lipid bilayer. Elastic coefficients of membranes can be derived from the pressure profile, 43 and the profile itself has been proposed to be coupled to membrane structure and functionality. 44, 45 The pressure profiles were calculated according to Lindahl and Edholm 46 and are shown in Figure 9 both for normal DPPC and di-DPPC membranes. Note, for clarity, we only present results for the preassembled membranes with stifflinker bolalipids in the fully trans state as well as a selfassembled membrane of flexible cyclic bolalipids with a 40% trans population.
Comparing the normal DPPC membrane and the acyclic di-DPPC system, we see in both cases the charasteristic W-shape of the pressure profile, arising from the interfacial tension between hydrophilic and hydrophopic regions and the opposing forces between headgroups and acyl tails. The differences are rather subtle, a somewhat increased repulsion in the headgroup region and a stronger attraction near the interface, which can be attributed to the smaller area per lipid of the acyclic bolalipid membrane with respect to normal DPPC (cf., Table S1 ). For the cyclic bolalipid membrane with 40% trans conformers, a somewhat different profile is observed. Additional peaks appear in the membrane interior next to the bilayer midplane, whereas the pressure in the center is significantly reduced. This shift in pressure can be understood by looking at the typical conformation of the looping bolalipids, see Figure 6 (panel c). Due to the bending, the linker region is located away from the bilayer center, giving rise to the additional peaks in the pressure profile. The profile for the fully trans cyclic bolalipid membrane is quite different, reflecting the gel state of the lipids. The neat packing of the lipid tails in the gel state, compared to the entropically confined tails in the fluid state, gives rise to a strongly reduced pressure in the middle.
In summary, the pressure distribution appears to be most sensitive to lipids in the looping conformation. Such unusual behavior has also been predicted theoretically by Mukhin and Kheyfets, 47 based on an elastic strings microscopic model to characterize membranes formed by cyclic bolalipids.
Bolalipid Membranes Show Increased Butanol Tolerance. The increased rigidity of bolalipid membranes suggests their potential use in applications where more resistant membranes are needed. For example, butanol molecules are toxic for most bacteria with standard membranes: high butanol concentrations disrupt the cell membrane and stop the cellular processes. 48 This limits the quantity of butanol resulting from fermentation and its production as biofuel at the industrial scale.
To find out if bolalipid membranes are more tolerant to butanol, we have performed additional simulations in which a fraction of the water molecules are replaced with butanol molecules in the equilibrated membrane systems. We mainly probed butanol/water fractions of 1/20, 1/10, and 1/5. Only the bolalipids with stiff linkers were considered. The temperature was kept at T = 323 K, except for the cyclic di-DPPC (T = 363 K). Similar to the observations reported in other simulation studies on small chain alcohols and monopolar lipid membranes, 30 ,49−52 we observed the partitioning of butanol into the membrane/water interface. The butanol molecules preferentially reside near the glycerol region of the membrane (data not shown). Such localization leads to a lateral expansion of the membrane, which is linearly proportional with the butanol concentration; this is apparent from the plot of the area expansion with butanol concentration presented in Figure 10 .
Ultimately, the continued loading of the membrane with butanol would lead to rupture of the membrane. Although we do not observe the actual rupture of the membrane, as our simulated membranes are artificially stabilized through the periodic boundary conditions, we can appreciate a clear difference between the expansion of a normal DPPC bilayer compared to the bolalipid membranes. The expansion of the bolalipid membrane (given by the slope of the curves in Figure 10 ) is almost 2-fold smaller for the acyclic case (a slope of 0.35 compared with 0.56 for pure DPPC) while for the cyclic bolalipids a slope of 0.11 has been obtained, even though the temperature in the latter case is higher. Concerning the cyclic bolalipids, we considered the expansion in the fluid regime Figure 9 . Lateral pressure profile across the membrane for DPPC (black), acyclic di-DPPC (red), cyclic di-DPPC with 100% (blue), and 40% trans population (cyan). All systems are at T = 323 K, with the exception of 100% trans cyclic di-DPPC, which is at the elevated temperature T = 363 K (but still in a gel phase). only; at a butanol fraction larger than 0.1 the cyclic bolalipid membrane undergoes a phase transition from the gel to the fluid state. Figure 10 contains also results for membranes formed by a mixture of DPPC and cyclic di-DPPC lipids, at two bola lipid concentrations of 10 and 20%. All the bolalipids are in the trans state. Due to the limited amount of bolalipids, these membranes are fluid at T = 323 K. In both cases, the lateral expansion of the membrane under the influence of butanol is significantly reduced compared to the pure DPPC membrane. Thus, our results suggest that doping of lipid bilayers with even a small fraction of bolalipids is already sufficient to make the membranes more tolerant toward toxic compounds such as butanol.
■ CONCLUSIONS
We presented results from molecular dynamics simulations of self-aggregation and equilibration of two bola amphiphile analogues, formed by two standard DPPC lipids with one and two covalent linkers between the tail ends. The equilibration of such systems, known for their extremely slow dynamics, was possible only by using a coarse-grained representation of the lipids and water, and in the presence of an artificial transient pore allowing equilibration of the trans and loop populations via lipid flip-flop.
Our results clearly indicate that, after equilibration, the bolalipids prefer the trans conformation (both polar head groups residing at opposite water−membrane interfaces) in detriment to the loop conformation (the polar groups are located at the same interface), consistent with experimental data. This arrangement naturally leads to a smaller area per polar headgroup and a larger thickness of the membranes compared with the conventional DPPC membranes. The order of the lipid tails is also increased and lateral diffusion slowed down.
We further showed that the fraction of trans conformers depends on the flexibility of the linker. A higher flexibility decreases the trans population due to the ability of the lipids to kink more and to adopt the loop configuration. As a result, membranes with different structural and dynamical properties are formed; in fact the nature and number of linkers allows for a tuning of the membrane properties all the way from almost identical to monopolar membranes, using very flexible linkers and acyclic bolalipids, to the very stiff and gel-like membranes formed with cyclic bolalipids and rigid linkers. Although our results pertain to pure bolalipid membranes, we expect, based on the strong effects we observed, even a limited fraction of bolalipids embedded in monopolar membranes to be able to modulate membrane properties. Thus, by incorporating certain types of bolalipids, an optimum can be found between robustness on the one hand, and fluidity on the other. As an example we showed the strong increase in tolerance of a bolalipid membrane toward a toxic substance such as butanol. Especially in the case of the acyclic di-DPPC bolalipid, the membrane is still in the biologically relevant liquid-crystalline phase, yet it can sustain twice the load of butanol compared to a conventional monopolar DPPC membrane. Likewise, a small fraction of cyclic bolalipids incorporated in an otherwise monopolar membrane showed a significant improvement toward butanol tolerance. This is important for industrial fermentation processes, and may also be useful in lipid-based applications such as drug encapsulation and release. In the latter case, one could use the principle of a controllable linker (e.g., isomerization triggered by light or changes in pH), acting as a switcher for the overall properties of the membrane.
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